Abstract: This work presents a novel methodology for studying the transportation and energy sectors in an integrated fashion. The methodology is based on an object oriented model, which identifies and simulates the interdependencies of transportation and energy networks. The proposed approach is oriented towards strategic planning studies with a time horizon of ten years. A software code using JAVA-technology is developed and applied to the main Chilean systems. The design of the software considers the development of activity models for each sector and provides the basis for studying their effects on the environment and economy in the country.
I. INTRODUCTION
In many fields there is a growing interest for tools to study the interdependencies of different areas of activity or production [1] [2] [3] [4] [5] [6] [7] [8] . Driven forces in this process have been security, economy and environmental problems [1] [2] [3] , where the cross effects of policies are highly linked. The mathematical formulation of these problems usually leads to extremely complex systems. In addition, the trend of market liberalization towards decentralized decision process has increased even further the complexity of the problem [9] [10] [11] [12] .
In the case of Chile, a major concern in the study of relations between energy and transportation is the environment, which has experienced a degradation in the last decades. This is due to a strong urbanization process, with over 85% of the population now living in cities, and a strong growth in car ownership. Also, energy and transport policies are not fully coordinated with environmental policies, even though they are the main source of air pollution and noise. For example, policies which encourage the efficient use of energy and the use of public transportation require a good understanding of the interdependencies among energy, transportation and air quality. For these reasons, the Chilean government is promoting a research program in this line [4] . The main objective of this program is to develop tools capable of facing the following challenges:
• Manage of updated system databases as a whole for all the sectors (energy, transportation and environment), • Evaluation of the economic and environmental impacts of specific policies in energy and transportation, • Incorporation of environmental variables to traditional planning approaches in energy and transportation.
• Tools must be able to simulate and to predict the effects, at national level and in a time horizon of ten years, of interdependencies among energy and transportation from a functional, economic and environmental point of view. In the literature, an important part of the investigation is dedicated to the study of critical infrastructure in order to prevent possible catastrophes [3, 5, 8, 13] . This topic was particularly sensitive during 1999 due to the Y2k effect. Another line of research is given by environmentally sustainable development [2, 6, 7, [14] [15] [16] . The idea here is to study the cross effects of policies in different fields on the improvement of environmental conditions. All these studies recognize the high complexity of the problem, which is characterized by [3] :
• large-scale systems with numerous components, • hierarchical multiple non-commensurable, conflicting and competing objectives, • multiple agents and decision makers, • multiple governmental agencies with different missions, resources, timetables, and agendas, • multiple constituencies, • multiple transcending aspects and functions, • nonlinear coupled subsystems, • spatially distributed, adaptive in time, and • investment decisions of discrete nature.
Overall, analysis and design of complex, large-scale nonlinear dynamic interacting systems constitutes an open theoretical challenge. In this paper a methodology based on object oriented programming to deal with the problem of interactions among energy and transportation is developed. Specifically, methods and activity models to simulate and quantify those interdependencies and their impact on air quality are proposed.
The paper is organized in six main sections. Section II presents the general models used to represent the transportation and energy networks. Section III describes the software developed according to the system models. In Section IV the methodology to state the scenarios for the studies is presented. In section V a case study considering the network in the Chilean territory is developed. Finally, in Section VI the main conclusions of this work are summarized.
II. SYSTEM MODELLING
The modeling approach presented in this paper is inspired in previous research work of references [10-12, 19, 20] and a variation of the network approach presented in [3] . These previous works are based on two criteria. The first criterion imposes that the main feature of the modeling technique is versatility, i.e., it must be capable of being used for the three sectors of electricity, fuel and transportation. In addition, a systematic approach to deal with the problem of interdependencies among those sectors is required [3, 7] . To achieve these tasks the modeling must fulfill the following needs:
• Consistent system and component modeling (scaling, databases, granularity), • Well defined system frontiers, • Adequate modeling of the interdependencies among different sectors, • Activity models and tools (i.e. agent-based, game theory, etc.) inside each sector, • Data mining and visualization.
It is well known that the object-oriented programming (OOP) approach has gained wide spread importance and acceptance in software development [17, 18] . The main reasons for this popularity come precisely from its advantages in dealing with the preceding list of needs. Particularly, concerning flexibility, expandability, maintainability, and data integrity [18] [19] [20] .
The second criterion states that, from a physical point of view, the interdependencies among large scale infrastructures; such as electric power, transportation and fuel sectors; often have a network structure. This structure reflects an explicit, physical set of network interconnected devices. Also, it can handle implicit interconnections created by communications, control, and functional dependence. Thus, according to the above criteria a model based on the object-oriented paradigm was chosen in this work. The system representation is shown in Figure 1 , which is based on three families of physical components related with power system, fuel and transportation devices. The big box in the center of Figure 1 represents the physical models where each network has physical and functional interactions with the other networks. The other three boxes represent the links among the physical networks and the regulatory, economic and environmental framework. In this paper only the environmental relations are addressed, whereas regulatory and economy interdependencies will be treated in a future work.
In Figure 1 , the selection and definition of each component (from each network) are based on its importance for strategic planning studies.
The individual characteristics of power, fuel, and transportation components are described by object attributes. On the other hand, the information exchange among objects is represented by messages following the object-oriented programming paradigm.
The object modeling technique of reference [17] has been used for developing the object models for each network. They are shown in Figure 2 . In the OOP terminology, a generalization of a data object along with its data variables and methods is a class of data objects. The data variables are referred to as class attributes and an instance of a class is called an object. The concept of inheritance makes it possible to define subclasses of a class that share characteristics of the parent class and so on.
The modelling approach presented in this paper specializes a "System Component" object into three subclasses, namely "Fuel Component", "Power Component", and "Transportation Component". Each of these components make a further use of inheritance to encompass all the components of its network. For example, the power system is represented by 1-pole and 2-pole elements.
In the list of attributes for each object there are emission factors in order to estimate their environmental pollution features. The pollutants considered in this work are: CO, HC, Nox, MP10, SO 2 , CH 4 , N 2 O, NH 3 and CO 2 .
III. CLASSES AND OBJECTS RELATIONSHIP
In this section a description of the classes together with the interdependencies among them is presented. Figure 3 shows the hierarchy chart of the Power System Classes, which corresponds to a simplified version of the hierarchy presented in reference [12] . Power Component is the most general class and its attributes and methods are available for all subclasses [10] [11] [12] . Since simulation models are typically based on a node/branch-representation, these classes are explicitly included in the object-oriented data model. The 1-Pole subclass encompasses all elements connected between a bus a the neutral (or ground). The subclass 2-Pole contains all branch facilities having an impedance such as transmission lines and transformer subclasses. Note that a three winding transformer may be represented by the 2-Pole subclass by using a wye-star transformation. All the technical parameters of the power system devices are stored in attributes. These attributes include location, economical data and the set of emission factors.
Power System Classes

Fuel Network Classes
The hierarchy chart of the Fuel Network Classes is shown in Figure 4 . Two abstract classes and 4 final subclasses represent the whole network. A fuel injection system, a storage and a customer can be generalized in a Station class with common attributes like position and capacity. A storage object subclass manages just one of the fuel types. It keeps an initial, current, and final state of stored volume. A more realistic model of a storage can be built with several storage objects.
A fuel customer subclass is characterized by the type and amount of each fuel. It can manage simultaneously all possible fuel types coming from the fuel stations.
The link represents a union element between two Station objects. The main attributes are the fuel type, the capacity and length. Additional links are differentiated by the transportation mode of the fuel: pipeline, train, truck, and ship.
Transportation Network Classes
The hierarchy chart of the Transportation Network Classes defines an Arc and a Generic Node class. The generic node is further specialized into two classes called node and centroid, as shown in Figure 5 . For transportation networks, a first conceptual separation between urban an interurban networks must be made. A strategic planning study with a national coverage must include an interurban traffic representation. Therefore, in the context of the proposed model, a centroid is associated with a conurbation or a vast urban area around and including a large city. The transportation activity of a conurbation is stored in attributes, which register the number of attracted and generated travels, the rate of growth and other relevant parameters.
The node component intends to represent only bifurcation and convergence points of transportation ways (with or without population). A node either generates or attracts travels. The transportation ways are modeled through a generic class called Arc, considering only one-way travels. Arcs define capacity, flow, length and speed for each of the following transportation modes: train, electric train, light vehicle, bus, heavy duty vehicle, ship, and plane.
Objects Relationship
One of the main objectives of the proposed modeling is to capture the interdependencies among different sectors. This is accomplished easily by using the classes of each OOP database (Power, Fuel, and Transportation). In fact, a direct relationship between objects, from different databases, occurs through references to objects in the OOP. These references, as shown in Figure 6 , are given as attributes, of the individual classes. Let us see some examples:
• A combined cycle generating plant is represented as a natural gas customer in the fuel network, • Electricity consumption of arcs, centroids, injections, and links of the transportation network are represented by loads in the electric power network,
• Fuel consumption, resulting from the activity of centroids and arcs in transportation networks, is represented by customers in the fuel network. These references define information that is directly available to objects. Thus, the fuel customer "knows" the electrical behavior of a generator, the electrical load "knows" the energy consumption of an oil refinery, and so on.
IV. PIET
Based on the preceding models, an information platform software called PIET (an acronym in Spanish for Transportation and Energy Information Platform) was developed and implemented using JAVA technology. Among the OO programming languages, JAVA has important advantages, such as multiplatform capability (hardware independency), integrated Internet technology (flexible remote access), and easy user interface. On the other hand, JAVA facilitates an efficient teamwork in the different stages of the implementation process. In addition, the availability of multiple existing JAVA libraries help significantly the programming effort. The final code (around 400 classes) runs efficiently on a Pentium IV computer with 128 MB RAM. PIET general structure and client/server architecture are shown in Figure 7 .
The Object Oriented Database (server) constitutes the core of the application, which is required by the rest of the platform components. Source-file and specific Power, Fuel, and Transportation editors allow users to interact with system information and options. The requirements for the project established in previous sections impose the following design features to PIET:
• Platform independence: Management, structure and storage of information must be independent of the selected computational platform, • Easy Graphical User Interface (GUI): The GUI must foster the use and interpretation of the proposed OO network model of the system, • Ensure data integrity and security, • Expandability: New functionality has to be built easily into existing source code and entirely new functions have to be integrated, • Maintenance: Modification of a piece code must not affect the other parts of the program.
The gray arrows in Figure 7 represent the required services from clients to the respective servers, while black arrows show data exchange flows. The proposed design deals with the critical aspect of data management requirements in commercial software and energy companies. As shown in Figure 7 (right side), this task is accomplished by building a bridge to existing databases in different formats (Source/Data Files).
It is recognize that commercial software developers and energy companies spend a vast majority of their time managing the data requirements of these systems.
The analysis tool library contains a collection of objects and routines for specific studies. For example Load-Flow calculation, Optimal-Power-Flow, pricing models, and market simulation applications were developed for the electric power network [12] . The environmental variables are directly linked with the activity model of each network. Therefore, results from multiple OPF studies can be used to calculate geographical emissions of the system. The emission factors are attributes of generator objects. The generation of a scenario usually involves the following steps:
V. SCENARIO DESCRIPTION
• To define the limit of space analysis (global, regional, etc.), thematic (sectors to cover, etc.), and temporal (time horizon), • To describe the current economic, demographic, environmental, and institutional situation, • To incorporate the driving and conditioning forces of the system and sectors, • To set up a narrative that gives the context to the scenario. Often quantitative indicators are used to point out certain aspects, • To draw an image of the future. This involves to specify conditions and constraints for one or more points in the time horizon.
The outcome of this procedure is the definition of the following variables: demography, economy, social variables, culture, technology, environment, structures of administration (governance), and Infrastructure. These variables work as the entry parameters defining a scenario in PIET. In practical terms, the OO design of PIET allows the following four ways to configure scenarios: A. Through a direct linking with a support model. Support models, refers to those tools (computational programs, rules, databases, etc.) that allow the definition of a scenario. This can be a specific model usually used in the sector (i.e. transportation, energy or environment) that can provide directly the information for the operation of the PIET. B. A second alternative is through the use of activity models to obtain specific values for variables or entrance parameters to PIET. An example of an activity model is the calculation of fuel price profiles and deviations for a given scenario. C. By using directly PIET dialogs and frames, i.e. objects, system, and tools attributes. D. Finally, structural changes in networks (for example the expected generation expansion plan) can be incorporated in PIET by using the respective Editor.
Typically it consists of drawing new objects in the networks.
Once the scenario has been incorporated into PIET, specific activity models for each network are run in order to obtain the quantification of interdependencies and the emissions of the scenario. The following studies can be carried out with PIET:
• fuel price variation effects,
• new technology impact,
• effects on energy sector produced by an efficient use of the transportation network, • identification of network capacity constraints (critical expansion sectors), • map with possible locations for power plants.
VI. CASE STUDY EXAMPLE
For a validation of the proposed model, PIET was applied to Chile including the whole national territory.
Physical Chilean Networks
The Chilean mainland territory covers an area of 750.000 km 2 with a population of nearly 15 million. Chile has a market-oriented economy characterized by a high level of foreign trade. As a consequence; the electric, fuel, and transportation infrastructure come mainly from private investors. The electricity production was 39.577 billion kWh in 2000, which was composed of fossil fuel (51.17%), hydro (46.36%) and other (2.47%). The transmission system, conformed by two main interconnected systems, includes voltage levels up to 500 kV.
Natural gas is imported from neighbor countries using a pipeline system, while fuel, and coal arrive in ships from different countries. In summary, the fuel network encompasses a pipeline system of crude oil (755 km) petroleum products (785 km), and natural gas (320 km).
In the transportation sector all transport services are privately owned and/or operated with the exceptions of the interurban passenger trains and the urban railroad (Metro) [21] . Overall, the railroad system has 6,702 km of railways, including 2,831 km of broad gauge (1,317 km electrified), 117 km narrow gauge (28 km electrified), and 3,754 km of meter gauge (37 km electrified). The highway system covers 79,800 km. Due to data availability and geographical features of the country, the territory information is described at a province level by 51 zones. Nevertheless, major projects in any network, e.g. a new mining site or a new combined cycle unit, are modeled explicitly in the networks (new objects).
In summary, as shown in Table 1 , the modeling into PIET of the previous described networks (power system, transportation, and fuel network) can be translated in a collection of 1927 objects: 1127 objects are defined for representing the transportation sector, 492 for the electric sector and 308 for the fuel network.
Network Dependencies
Network dependencies can be classified into two main categories: activity and physical dependencies.
On one hand, the activity of each network; annual flow (vehicle·km/year) in transportation, annual energy (MWh/year) in electricity sector, and annual consumption (barrel/year or ton/year) in fuel and natural gas; in the case of Chile can be related with a common set of economic indices. These indices are as follows: GDP/year for each province, international and domestic fuel prices, fuel taxes, population (inhabitants/province), and average income. These indices shape the behavior of each network simultaneously.
On the other hand, several physical interactions among the different networks are detected. A diagram with the main physical interdependencies among the networks in the Chilean territory is shown in Figure 8 . Figure 8 shows that in the whole Chilean territory there are 133 links among electric, fuel and transportation networks. As this links are geographically referenced, this information is useful for many purposes such as mapping of pollution in zones, energy consumption, available transfer capabilities of lines, pipelines, etc..
The national power network is further divided into two main interconnected systems covering the north (SING with 800 km length) and the central part of the territory (SIC with 2000 km length). As stated before, a major advantage of this representation is that it can be used for planning studies. For example, a new power plant may be drawn in the editor and the impact of this new project is seen inside the power grid and in the fuel network that will provide the oil or natural gas for that plant. In addition, the pollution that this new project will produce it will be displayed accordingly.
Specific Activity Models
Based on studies carried out by the government and independent institutions, activity indices and physical dependencies are estimated for each year in the time horizon. An specific activity model is developed for each network.
Power Systems: A multinodal, multireservoir dynamic stochastic model, with monthly stages and a time horizon of 10 years is used [22] . Energy production and fuel consumption of each generating unit and their related emissions are obtained. The active power flow pattern for peak demand is computed.
Transportation: It consists of two interrelated models. The first model encompasses urban transportation, i.e., it renders the annual flow (vehicle·km/year) for each transportation mode (train, electric train, light vehicle, bus, and heavy duty vehicle) in any centroid (conurbation in a province). By using existing historical data for some province, an econometric polynomial model is adjusted to the activity indices discussed in Section 6.2.
The second model represents the interurban transportation, which estimates the total flow between centroids for each transportation mode. This is an synthetic model that combines generation, distribution, and modal partition in one single stage. Mathematically it corresponds to an econometric polynomial model.
Fuel Network:
Fuel consumption is determined by using existing historical data, which is used to adjust a logarithmic model to the activity indices.
Results
A scenario with an electric growth rate of 7 %; for years 2003 and 2004; and 8% from year 2005 to 2011, considering hydro and thermal technologies in generation is presented in Figure9. The scenario of Figure 9 is built under the assumption that no new hydro projects are carried out. Accordingly, the increase in demand is satisfied mainly by natural gas generating units. Other Natural Gas Diesel Coal Hydro Figure 9 . Annual energy by technology [GWh] Simultaneously, the fuel network activity model detects the expected capacity requirements for the pipeline infrastructure. As a consequence of this development, expected emissions increases in the system as shown for the NOx case in Figure 10 . The corresponding emissions (ton/year) of the transportation activity for MP, NOx, HC, and CO are shown in Figure 12 . From Figure 12 it can be seen that Cachapoal, Iquique, and San Antonio provinces have high degrees of CO emissions, which can be related with public transportation (see Figure  11 ). This suggests that CO and NOx mitigation could be achieved by converting the public transportation technology, for instance, to electric vehicles for the whole public transportation system. The impact of these changes in the electric and fuel networks is summarized in Table 2 . Table 2 show the base case information for provinces Cachapoal, Iquique, and San Antonio in year 2002. In these provinces, the public transportation activity is based on Diesel entirely (39x10 6 gal./year). After the proposed change Diesel consumption is replaced by electric energy, which means an important increase in natural gas consumption in combined cycle units. In fact a new combined cycle unit is necessary (400 MW). The conversion scenario achieved a dramatic reduction in CO emission of 89%. In addition, PIET shows that existing natural gas pipeline system supports the new requirements without new investments.
VII. CONCLUSION
In this paper, an object oriented modeling is proposed to study the interdependencies among the electricity, fuel and transportation sectors in a given territory.
